During exercise reflex renal vasoconstriction maintains blood pressure and helps in redistributing blood flow to the contracting muscle. Exercise intolerance in heart failure (HF) is thought to involve diminished perfusion in active muscle. We studied the temporal relationship between static handgrip (HG) and renal blood flow velocity (RBV; duplex ultrasound) in 10 HF and in 9 matched controls during three muscle contraction paradigms. Fatiguing HG (protocol 1) at 40% of maximum voluntary contraction led to a greater reduction in RBV in HF as compared with controls (group main effect: P < .05). The reduction in RBV early in HG tended to be more prominent during the early phases of protocol 1. Similar RBV was observed in the two groups during post handgrip circulatory arrest (isolating muscle metaboreflex). Short bouts (15 s) of HG at graded intensities (protocol 2; engages muscle mechanoreflex and/or central command) led to greater reductions in RBV in HF than controls (P < .03). Protocol 3, voluntary and involuntary biceps contraction (eliminates central command) led to similar increases in renal vasoconstriction in HF (n = 4). Greater reductions in RBV were found in HF than in controls during the early phases of exercise. This effect was not likely due to a metaboreflex or central command. Thus, our data suggest that muscle mechanoreflex activity is enhanced in HF and serves to vigorously vasoconstrict the kidney. We believe this compensatory mechanism helps preserve blood flow to exercising muscle in HF.
INTRODUCTION
Exercise leads to increases in heart rate (HR), blood pressure (BP), ventilation and peripheral vasoconstriction. Renal vasoconstriction occurs during exercise in humans (16, 19) as a result of increased sympathetic outflow. This reflex renal vasoconstriction acts to maintain BP as well as to redistribute blood flow towards metabolically active skeletal muscle. A recent study from this laboratory observed reflex renal vasoconstriction during forearm exercise.
Furthermore, these experiments suggested that the renal vasoconstriction was due primarily to engagement of mechanically sensitive afferents in the contracting skeletal muscle (19) .
Reduced exercise capacity and sympathoexcitation are cardinal features of congestive heart failure (HF). Primary mechanisms responsible for early fatigability during exercise in HF patients are thought to be due to diminished perfusion in active skeletal muscle due to reduced blood flow and/or to abnormal muscle metabolism in HF patients (12, 17, 30, 31) . This mismatch between metabolic demand and muscle perfusion can engage the muscle reflex evoking sympathoexcitation (25).
Resting sympathetic activity is increased in HF patients (8) . Although a wealth of information has been obtained regarding the sympathetic neural responses to exercise in HF, far fewer studies have been designed to determine the mechanisms responsible for sympathetically mediated vasoconstriction during exercise in this disease. Studies using a rhythmic handgrip protocol demonstrated increased BP (21, 27) and muscle sympathetic nerve activity (MSNA) in HF patients due to increased metaboreflex activation. In contrast, Sterns et al. using a static exercise paradigm found attenuated metaboreflex mediated increases in MSNA in HF (29). In the latter study, it was speculated that the metaboreflex was desensitized in HF. It was also suggested in this report that some other neural mechanism was preferentially engaged during FINAL ACCEPTED VERSION H-00394-2004.R1 4 exercise in HF so that the "overall" sympathetic response to exercise was preserved. Later, in a study utilizing limb congestion to preferentially engage mechanically sensitive muscle afferents, McClain et al. documented that enhanced MSNA during static handgrip exercise could be caused by increased muscle mechanoreflex stimulation (14) .
Two separate reports using different exercise paradigms found that renal blood flow falls to a greater extent in HF subjects than in controls (15, 23) . Middlekauff et al. using the positron emission tomography (PET) scan method found that rhythmic handgrip led to a greater increase in renal vascular resistance (RVR) in HF than in controls (15) . Because of the limited time resolution of this method, the investigators were unable to determine the neural mechanisms responsible for the greater vasoconstrictor response in HF. The lack of time resolution of the PET method prevents a careful evaluation of the time course of responses within the first few seconds after exercise is initiated. This is particularly important since central command and the muscle mechanoreflex become engaged within a few seconds of the onset and initiation of contraction (4, 9, 26). Middlekauff et al. also found sustained increases in RVR in HF during a 2-3 min recovery period (15) . The explanation for this finding was not clear although activation of humoral systems could not be excluded.
Accordingly, we designed a study in which renal blood flow velocity (RBV) in HF subjects and controls was evaluated with the Doppler ultrasound technique (Duplex ultrasound).
We reasoned that because of its excellent temporal resolution, this technique would allow us to examine the role of these putative neural mechanisms in controlling renal blood flow during exercise. This method allows subjects to perform multiple exercise paradigms on the same day (19) . Since technically it is presently impossible to obtain direct measurements of renal sympathetic nerve activity in humans during exercise, renal blood flow velocity and renal The results of these studies suggest that renal blood flow falls to a greater degree during exercise in HF than in controls. Moreover, this effect is seen within the first few seconds of exercise.
The results of these studies indicate that muscle mechanoreflex activity is augmented in congestive HF.
METHODS
Study Population. A group of 10 HF patients (7 males, 3 females, age 56 ± 4 years, mean body mass index 27±1 Kg/m 2 ) and 9 healthy volunteers (7 males, 2 females, age 56 ± 5 years, mean body mass index 24 ± 1 Kg/m 2 ) were studied. Each subject signed an informed written consent and a physical examination was performed. The study protocols were approved by the Institutional Review Board of The Milton S. Hershey Medical Center. The healthy volunteers previously studied in this laboratory were age and sex matched to the HF patients. The healthy control volunteers were normotensive, nonsmokers who were not receiving medications (18) .
HF patients were recruited from the Cardiovascular Clinic at The Hershey Medical Center. Five were NYHA Class II, 4 were Class III and 1 was Class IV. The causes of HF were either ischemic (n = 3) or idiopathic cardiomyopathy (n = 7). All HF patients were clinically stable. Medications included: β-blockers (n = 9); digoxin (n = 7); ACE inhibitors (n = 8); diuretics (n = 7); and nitrates (n = 3). Two of the HF patients had insulin dependent diabetes.
Medications were withheld on the morning of the study.
Renal Blood Flow Velocity. All subjects were studied in the post absorptive state. Duplex ultrasound (HDI 5000, ATL Ultrasound, Bothell, WA, USA) was used to determine renal blood flow dynamics. The renal artery was scanned using the anterior abdominal approach while the FINAL ACCEPTED VERSION H-00394-2004.R1 6 subject was supine. A curved-array transducer (2-5 MHz) with a 2.5 MHz pulsed Doppler frequency was used. The probe insonation angle to the renal artery was <60˚ with the focal zone set at the renal artery depth. In order to obtain optimum velocity tracings, the transducer was held in a constant position and the data were obtained in the same phase of the respiratory cycle of the respective subject. Care was taken to ensure that the subject did not perform Valsalva maneuvers during handgrip. The Doppler tracings were analyzed using ATL software (HDI 5000) to obtain mean velocity. Each velocity measurement was normalized to a time constant of 1 s.
Subsequently a RVR index was calculated by dividing mean arterial pressure by renal blood flow velocity (RBV; cm/sec). RVR is expressed in arbitrary units. In the fatiguing static handgrip protocol, variables were measured at the 10%, 20%, 40%, 60%, 80% and 100% (peak) of the respective subject's time to exhaustion. Data from the last 15 s of PHG-CA was used in the statistical analyses.
In the second protocol, data were analyzed in 5 s time periods. Statistical analyses were performed separately on each 5 s period (i.e. 1-5, 6-10 and 11-15 s).
Data are presented as mean ± SE. Resting values in HF and controls were compared with unpaired t-tests. For the voluntary and involuntary biceps contraction protocol, repeated measures one-way ANOVA models, having a first-order autoregressive variance-covariance structure to account for the within-subject correlation, were fit to the data to compare response variables to baseline in the HF group using Dunnett's test in the post hoc analysis to control type I error. Repeated measures two-way ANOVA models, having a first-order autoregressive variance-covariance structure to account for the within-subject correlation, were fit to the data for each response variable to assess the two main effects of group (between HF and healthy subjects) and handgrip paradigm and the possible interaction of these two effects. A Bonferroni correction to control type I error for multiple comparisons was applied to the tests of simple 
RESULTS
At rest, HR was greater in HF than controls (P < .05; Table 1 ). No significant group differences were found with regards to age, sex and BMI. However, MVC was lower in HF than in controls (P < .05). Figure 1A ). The magnitude of increases in MAP tended to be smaller in HF than in controls. This effect seemed most pronounced towards the end of exercise (Table 2) . Thus despite a greater fall in RBV in HF, RVR was similar in the two groups (Table   2 ). During PHG-CA, resistances (paradigm effect, P < .002) and RBV responses were similar in the two groups (Table 3; Figure 1B ).
Protocol 2. Static Handgrip Exercise at Graded Intensities (n = 10, HF; n = 9, controls).
The data for RVR, HR and MAP are shown in Table 4 . Increases in RVR were found in both HF and control groups at the higher workloads (Table 4) . Larger RBV reductions were found in HF than in controls (Figure 2 ). Although no group difference was observed in MAP responses, smaller MAP responses in HF were seen at the higher workloads during 0-5 s and 11-15 s of handgrip exercise (P < .05; Table 4 ). Increases in RVR were similar, 19 ± 5% and 25 ± 6% (P = ns) during involuntary and voluntary biceps contraction, respectively.
DISCUSSION
The major finding in this report was that HF patients as compared to healthy controls had greater renal blood flow reductions during the early phase of static exercise. These studies provide evidence that the muscle mechanoreflex plays a crucial role in regulating renal blood flow during exercise in HF.
Resting RBV, RVR and MAP were not different in the HF patients and control subjects.
A prior report also suggests that baseline renal norepinephrine (NE) spillover is similar in HF and in controls subjects (23). These findings are at odds with those of Middlekauff et al. who found lower baseline renal blood flows in HF than in controls (15) . Whether this reduced resting renal blood flow was related to the severity of HF in the patients studied is not clear. It must be emphasized that with the methods used in the present report, we were unable to measure renal artery diameter and therefore were unable to compare resting levels of flow in the two groups.
Thus, comparisons of resting flow and vascular resistance reported in this paper must be viewed with some caution. However, since renal diameter does not change during renal vasoconstriction with pharmacological compounds (11), we believe statements regarding flow velocity changes from resting velocity are valid.
During short bouts of HG, renal blood flow fell more in HF patients than in controls.
During fatiguing HG, we observed a group main effect (P < .04). Review of the data (Figure 1) suggests that this effect was more prominent early in exercise than late in exercise, although a significant interaction was not noted. Similar observations were made by Langton et al. using a doxorubicine induced rabbit HF model (6) . As compared to controls, HF rabbits had markedly FINAL ACCEPTED VERSION H-00394-2004.R1 10 reduced renal blood flows during submaximal exercise where as blood flow responses were similar in the two groups at the end of fatiguing exercise (6) . In this report, duration of HG to fatigue was not significantly different between groups. Since 9 out of 10 HF subjects were receiving beta-blocker treatment, the question may arise regarding the effects of beta-blocker on exercise capacity in HF. Although beta-blockers generally cause a reduction in exercise capacity in healthy subjects, its effects in HF are not consistent. Studies in HF patients have reported either no effect (3) or little improvement (5, 24) in exercise capacity with beta-blocker treatment.
Another important issue is the mode of exercise. In our report, all subjects performed isometric HG. Unlike dynamic exercise, blood flow to the contracting muscle becomes limited (7) during isometric exercise because muscle contraction itself occludes blood vessels. Thus we believe that the effects of beta-blocker treatment on skeletal muscle blood flow would be far less important than if we had examined renal blood flow during rhythmic exercise in HF.
In the present study, it is unlikely that the muscle metaboreflex played an important role in eliciting the exaggerated renal vasoconstrictor response to exercise in HF. This is because the effect was seen early in exercise and the PHG-CA values for RBV reduction were not greater in HF patients than in the controls. An argument can be made for greater central command in HF.
However, if this had been the case, we would have expected a bigger HR response in HF patients than in controls. Moreover, voluntary and involuntary biceps contractions evoked similar increases in RVR in the HF patients and controls. If central command were an important mechanism responsible for renal vasoconstriction in humans, we would have expected no constrictor response during involuntary contraction. Thus these data suggest that the majority of the reduction in RBV during the initial periods of handgrip is due to augmented engagement of the muscle mechanoreflex in the HF patients.
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It should be noted that Rundqvist and colleagues demonstrated similar relative changes in renal NE spillover during supine bicycle exercise in HF and in controls even though renal blood flow fell to a greater degree in HF patients than in controls (23). Moreover, DiBona et al., using graded renal nerve stimulation in a rat model of HF, demonstrated that reductions in renal blood flow were seen at lower stimulus frequency in HF than were observed in normal control rats (2).
These results suggest that vascular sensitivity may be heightened in HF. We doubt that this explains our results since if this were the explanation, we would have expected to see a greater reduction in renal blood flow during PHG-CA in HF.
Clinical Implications. We speculate that exaggerated renal blood flow reduction observed in HF patients in the present study represents a compensatory mechanism that maintains blood flow to exercising muscle in the face of diminished levels of cardiac output.
Our data further suggests that this renal blood flow response was predominantly due to local factors within contracting muscles and not to local renal factors (20) . Prior animal studies have documented that the muscle mechanoreflex can be sensitized by metabolic byproducts of muscle contraction such as adenosine triphosphate (ATP) (10) and lactic acid (22, 28), etc. Enhanced lactate production due to abnormal skeletal muscle metabolism is found in HF patients during exercise (13, 25) . Furthermore, in this laboratory, pilot studies using an animal model of HF have observed increased ATP production in HF rats during muscle stretch (unpublished observation). Since the response was seen early in the present study, and central command did not appear to be a major factor, we conclude that the early large reduction in renal blood flow in HF was due to an accentuated muscle mechanoreflex response in HF patients.
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